Active Color Control in a Metasurface by Polarization Rotation by Kim, Minkyung et al.
applied  
sciences
Article
Active Color Control in a Metasurface by
Polarization Rotation
Minkyung Kim 1,† ID , Inki Kim 1,†, Jaehyuck Jang 2,†, Dasol Lee 1 ID , Ki Tae Nam 3 and
Junsuk Rho 1,2,4,* ID
1 Department of Mechanical Engineering, Pohang University of Science and Technology (POSTECH),
Pohang 37673, Korea; kmk961120@postech.ac.kr (M.K.); inki93@postech.ac.kr (I.K.);
dasol2@postech.ac.kr (D.L.)
2 Department of Chemical Engineering, Pohang University of Science and Technology (POSTECH),
Pohang 37673, Korea; jayjang@postech.ac.kr
3 Department of Materials Science and Engineering, Seoul National University, Seoul 08826, Korea;
nkitae@snu.ac.kr
4 National Institute of Nanomaterials Technology (NINT), Pohang 37673, Korea
* Correspondence: jsrho@postech.ac.kr
† These authors contributed equally to this work.
Received: 17 May 2018; Accepted: 13 June 2018; Published: 15 June 2018


Abstract: Generating colors by employing metallic nanostructures has attracted intensive scientific
attention recently, because one can easily realize higher spatial resolution and highly robust colors
compared to conventional pigment. However, since the scattering spectra and thereby the resultant
colors are determined by the nanostructure geometries, only one fixed color can be produced
by one design and a whole new sample is required to generate a different color. In this paper,
we demonstrate active metasurface, which shows a range of colors dependent on incident polarization
by selectively exciting three different plasmonic nanorods. The metasurface, which does not include
any tunable materials or external stimuli, will be beneficial in real-life applications especially in the
display applications.
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1. Introduction
Structural color generation has received intensive research attention to color filter and display
technologies for replacing conventional dye and pigment based system. Many of the structural
colors, especially structural colors by metasurface, composed of periodic array of nanostructured
materials, have been focused due to their compactness, near-permanent lifetime, and capability for
surpassing diffraction limit to ultra-high dpi far beyond the resolution of any color-generation system.
As its geometric dimensions are comparable to the wavelength of visible light, a periodic array
of nanostructures exhibits optical resonances at visible wavelength, thereby producing color that
corresponds to the scattering spectrum. The structural color generation by the metasurfaces has been
successfully demonstrated in plasmonics [1–6] and dielectric systems [7–11] using a variety of designs
(See review papers [12–16] for details). However, as the geometry of nanostructures specifies scattering
properties, an array of nanostructures usually produces only one fixed color. It implies that a whole new
sample should be fabricated to produce different color or temporally varying color. As an alternative,
adoption of mechanical transformation [17–21], chemical transition [22–24], phase change material
[25–28] and electrochromic polymer [29] provide dynamic color printing. Nevertheless, dynamic color
printing can be realized in a far simpler system by polarization control without involving any external
stimuli [30–32]. A periodic array of cross-shaped nanoantennas [8,33–35], elliptical nanostructures
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[31,32,36], rectangle nanostructures [37] and a grating pattern [38] have demonstrated active color
printing by rotating incident polarization. Here, lack of four-fold symmetry leads to active color
generation. However, previously demonstrated structures cannot support wide range of colors as
they generate linearly varying color gamut [33] or cover partial space [8,38] in a chromaticity diagram
using one unit design. Meanwhile, generation of three primary colors: red, green and blue in a single
system, has been reported by adopting three cavities of different shapes and directions altogether
[30]. Although this cavity-aperture system had potential for a tunable color filter, transmittance of the
system is extremely low, obstructing practical usage.
In this paper, we present and demonstrate the reflection type metasurface, producing different
color under incident polarization. Whereas previous works have utilized a single anisotropic structure
in a unit cell, we introduce three different nanorods which work as dipoles in order to selectively
excites the nanostructures depending on incident polarization direction. As a result, we can realize
circular color-changing path in color gamut providing much larger tunability. We experimentally
demonstrate reflection type active color generation, which agrees well with the simulated color. Finally,
we suggest the complementary design metasurface, which has three different slits on a metal film,
as a transmission type metasurface based on the Babinet’s principle. These metasurfaces covering a
wide range of colors in a single design present a possibility of tunable color printing without complex
system, which can be beneficial in real-world applications such as display and sensing.
2. Results
The metasurface is composed of three aluminum nanorods on a silica film, and an aluminum film
of thickness 90 nm is sandwiched between the silica film and substrate. The metal-insulator-metal
structure enhances the overall reflection. Three nanorods are periodically arranged, and i-th rod is
tilted by φi where ai and bi denote horizontal and vertical dimension. Detailed geometric dimensions
can be found in Figure 1. When the metasurface is illuminated by visible light source, localized surface
plasmon resonances formed near the nanorods offer structured reflection spectrum with multiple dips.
When the rods have a rectangle shape, the metasurface optically responds differently under incident
polarization due to the anisotropic geometry. Especially if the rectangle has a high aspect ratio, it can
be approximated as a dipole which interacts strongly with light polarized parallel to the oscillating
direction. As the optical resonances can be shifted by changing geometric dimensions and the pitch
of the rod, it is possible to design three different nanorods with different resonance wavelengths and
selectively excite them by matching incident polarization to the dipole moment direction.
However, since three dipoles cannot be mutually orthogonal in a plane, cross-talks between rods
are unavoidable. Although 60◦ of relative direction between each rod minimizes the cross-talk, the
direction of the rods also determines the periodic arrangement and hence the reflection spectrum.
Therefore, directions of rods are set for desired resonance wavelength and the final dimensions of
three rods are tuned through parametric sweep. The metasurface is then fabricated by electron-beam
lithography and lift-off process. (See Materials and Methods section for details). A scanning electron
microscopy (SEM) image of the sample is presented in Figure 1c.
Polarization sensitive reflection spectrum and the corresponding colors are presented in Figure 2.
We used the Lumerical finite-difference time-domain (FDTD) solution for numerical simulation.
The simulated reflection spectrum indicates that the metasurface has multiple peaks and dips over
the visible range, especially 450 nm, 540 nm and 620 nm. At those resonance wavelengths, incident
light may or may not excite the nanorods, and the spectra show notable distinction dependent on the
polarization direction. Three distinctive nanoantennas provide active color generation sensitive to the
incident polarization. As the polarization rotates from 0◦ to 180◦, the color gamut represented in CIE
1931 space forms an oval. Although the metasurface does not produce vivid primary colors, it covers a
wide range of colors in a single design. Colors generated by the fabricated sample are measured by a
CCD camera implemented in a hyperion 1000 microscope (bottom panel in Figure 2c).
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Figure 1. (a) Schematic of metasurface and (b) its unit cell. It has metal-insulator-metal structure
where aluminum and silica are used as metal and insulator respectively on a silica substrate. Thickness
of aluminum film, silica film and aluminum rods are 90 nm, 100 nm and 40 nm respectively. Three
nanorods numbered by 1, 2 and 3 are periodically arranged and the unit cell has two of each of the
nanorods. i-th slit is tilted by φi where ai and bi denote horizontal and vertical dimension. Geometric
parameters indicated in the figure are: px = 500 nm, py = 500 nm, a1 = 180 nm, a2 = 120 nm, a3 = 100 nm,
b1 = 40 nm, b2 = 70 nm, b3 = 60 nm, φ1 = 0◦, φ2 = 80◦, φ3 = 130◦. (c) Top view of scanning electron
microscopy image.
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Figure 2. (a) Polarization dependent reflection spectrum, (b) CIE 1931 chromaticity diagram and
(c) color palette. Simulated and experimentally obtained colors are shown in the first and second rows
respectively. Polarization angle of incidence is represented in degree.
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3. Discussion
Light-matter interaction at the nanostructures is further examined at three wavelengths: 450 nm,
540 nm and 620 nm where the spectra strongly depend on the incident polarization. Electric field
amplitude distribution at the middle of the rods is shown in Figure 3. The incident electric field
disturbs electrons’ density in the vicinity of aluminum rods. Because of the anisotropic geometry of
the rods, generation of this localized surface plasmons depends on both wavelength and polarization.
Each rod takes charge of one resonance and forms a dip in the reflection spectrum when the incident
polarization is parallel to its dipole direction. In other words, only certain polarization induces
localized surface plasmon strongly in a given wavelength despite the cross-talks between nanorods.
Since field oscillation leads to high absorption, the resultant reflection has a dip and generates a
complementary color.
(a) (b) (c)
Figure 3. Calculated electric field distribution at the middle of the rods at (a) 620 nm, (b) 540 nm and
(c) 450 nm. White arrows denote polarization angle of incidence.
According to the Babinet’s principle [39,40], the reflection pattern of nanorods is identical to
the transmission pattern of nanoslits. Subwavelength-perforated metal film offers a structured
transmission spectrum with multiple peaks and dips, which is also known as extraordinary optical
transmission [41]. Therefore, using the concept of Babinet’s principle, we can also design transmission
type metasurface composed of three nanoslits on aluminum film as illustrated in Figure 4a,b.
Transmission type metasurface follows the same story as the reflection type. Three different nanoslits
with different resonance wavelength can be selectively excited by matching incident polarization to
the dipole moment direction. Figure 4c–e show the polarization dependent transmission spectra and
the corresponding colors. Simulated color shows tunability of transmission type color printed upon
polarization of incidence. Note that the transmission efficiency is low whereas the reflection type
metasurface shows high reflection spectra originating from metal-insulator-metal structure.
In conclusion, an active metasurface which produces colors dependent on incident polarization is
presented. The reflection type metasurface possessing three different nanorods responds sensitively
under rotating incident polarization. We numerically and experimentally demonstrate that the
reflection type metasurface covers a wide range of colors by a single design. Furthermore, we
present the complementary design of metasurface for transmission type. These two types of active
metasurfaces show potential to be integrated with conventional liquid crystal technology thanks to its
polarization dependent optical responses. With the compatibility with electrically-driving technologies,
this active color generating metasurface may be a promising candidate for future generation display
with ultra-high resolution and long-lasting lifetime.
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Figure 4. (a) Schematic of transmission type metasurface and (b) its unit cell. Aluminum film of
thickness 40 nm on a silica substrate has three slits numbered by 1, 2 and 3, and the unit cell has two of
each slit. i-th slit is tilted by φi where ai and bi denote horizontal and vertical dimension. Geometric
parameters indicated in the figure are: px = 600 nm, py = 700 nm, a1 = 100 nm, a2 = 70 nm, a3 = 180 nm,
b1 = 150 nm, b2 = 60 nm, b3 = 110 nm, φ1 = 0◦, φ2 = 70◦, φ3 = 130◦. (c) Polarization dependent
transmission spectrum. (d) CIE 1931 chromaticity diagram and (e) color palette of transmission
type metasurface.
4. Materials and Methods
The reflection type of active metasurface is fabricated on silicon substrate. Firstly, 90 nm thick
aluminum thin film and 100 nm thick silicon dioxide layer are deposited by electron beam evaporation
(Korea Vacuum Tech, Gimpo-si, Korea, KVE-ENS4004). Then, the polymethyl methacrylate (PMMA)
layer is spin-coated onto the substrate. Similarly, a conductive polymer layer (Showa Denko, Tokyo,
Japan, E-spacer 300Z) is also spin-coated to prevent the charging effect from the silica layer. Electron
beam lithography (ELIONIX, Tokyo, Japan, ELS-7800, 80 kV, 50 pA) is used to expose nanorod patterns
on photoresist. After exposing, the conductive layer is firstly removed by DI water and exposed
nanorod patterns are developed by the MIBK:IPA 1:3 solutions. Finally, an adhesion layer of 3 nm thick
chromium and a structure layer of 40 nm thick aluminum are deposited by electron beam evaporation
and nanorod patterns are transferred onto the substrate. Then white-balanced images are collected
using a ×4, 0.07 numerical aperture objective on an optical microscope (Hyperion 1000) with LED
light source (Opto Semiconductors, Regensburg, Germany, LE UW S2W) and Infinity 1-2 CCD camera.
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